The lectin-like activity of Escherichia coli K88, Salmonella choleraesuis, and Bifidobacteria pseudolongum of porcine gastrointestinal origin was studied by hemagglutination (HA) and HA inhibition assays. Although all the bacterial strains were able to agglutinate Porcine and Lagomorpna erythrocytes, much higher HA titers were consistently observed for B. pseudolongum than for E. coli K88 or S. choleraesuis. Proteinaceous components and glycoproteins were responsible for the HA of E. coli K88 and B. pseudolongum, respectively, because a remarkable reduction of HA titers occurred due to treatment of E. coli K88 with protease or trypsin and of B. pseudolongum with protease and periodate. Hemagglutination of E. coli K88, S. choleraesuis, and B. pseudolongum was strongly inhibited by galactosyl residue-containing glycoproteins, including porcine and bovine mucin, thyroglobulin, and fetuin. Some sugars, including lactose, galactose, xylose, and xylooligosaccharide (XOS), at a relatively high concentration (47 to 92 mg/mL) also exhibited an inhibitory activity for the HA of B. pseudolongum. This result, combined with the enhanced HA activity of the three bacterial strains by modification of Lagomorpna erythrocytes with neuraminidase, indicated that galactosyl residuecontaining glycoproteins mediated the HA of E. coli K88, S. choleraesuis, and B. pseudolongum. Our study demonstrated that proteinaceous or glycoproteinaceous lectin-like substances that recognize galactosyl residue-containing molecules, especially intestinal mucin, exist on the surface of E. coli K88, S. choleraesuis, and B. pseudolongum.
Introduction
Enteric Escherichia coli K88 and Salmonella spp. have been recognized as etiologic agents of diarrhea problems in neonatal and weaned pigs (Bertschinger et al., 1992; Wilcock and Schwartz, 1992) . These bacteria invade mucosal cells and produce enterotoxins that cause diarrhea and death of infected pigs (Bertschinger et al., 1992) . A stable attachment of the bacteria to the intestinal epithelium of pigs before invasion seems essential for initiation of the infection. Bacterial attachment to living cells is mediated by lectins located on bacterial surfaces (Sharon, 1987; Sharon and Lis, 1972) . Lectins are sugar-binding proteins or glycoproteins of non-immune origin that agglutinate cells or precipitate saccharides or glycoconjugates (Goldstein et al., 1980; Mirelman and Ofek, 1986; Sharon, 1986) .
Control of the number of pathogenic species in intestine can be achieved by bacterial interference (competitive exclusion). In this respect, the use of direct-fed microbes ( DFM) or probiotics has proved effective in suppression of multiplication and attachment of pathogens in the intestines of pigs (Hentges, 1992; Jonssen and Conway, 1992) . In an in vitro study, Bernet et al. (1993) reported that Bifidobacteria attached to the apical brush border of human intestinal epithelial cells and inhibited attachment of the cells by E. coli and Salmonella spp. The mechanisms underlying the ability of Bifidobacteria to inhibit the attachment by pathogenic bacteria remain poorly defined. Because lectins function as a mediator for attachment of bacteria to the host cells (Sharon, 1986 (Sharon, , 1987 we hypothesized that the inhibition may be related to the difference in lectin activity and characteristics between pathogenic flora and Bifidobacteria. Therefore, the purpose of this study was to determine whether lectins exist on the surface of pathogenic ( E. coli K88 and S. choleraesuis) and normal flora ( B. pseudolongum) of porcine gastrointestinal origin and to determine the difference in lectin or lectin-like activity and characteristics between these two types of microflora.
Materials and Methods
Bacteria and Cultural Condition. Escherichia coli K88 were isolated from porcine intestinal tract. Salmonella choleraesuis and Bifidobacteria pseudolongum of porcine gastrointestinal origin were obtained from American Type Culture Collection (Rockville, MD). We chose B. pseudolongum for use in this study because this species is predominant in pig intestines (Mitsuoka, 1984) . Primary culture of E. coli and S. choleraesuis (from stocks stored at −80°C ) were grown overnight in nutrient broth (Difco) at 37°C. A 1-mL portion of the preculture was inoculated into MacConkey agar (Difco) plates for E. coli K88 and of brilliant green agar (Difco) for S. choleraesuis. For Bifidobacteria, primary cultures from stocks stored at −80°C were grown anaerobically for 48 h at 37°C in a modified selection medium (Alm et al., 1989; Howard et al., 1995) . The anaerobic incubation was performed in an anaerobic chamber (Model 1025, Forma Scientific Products, Marietta, OH). Enriched bacteria ( 1 mL suspension) were inoculated into the selective medium agar plates (Alm et al., 1989; Howard et al., 1995) . Pure cultures were harvested from 8 to 10 agar plates for each bacteria strain after culturing for 24 h for E. coli and 40 h for S. choleraesuis and B. pseudolongum by scraping cells from the plates. The harvested cells were then centrifuged at 20,000 × g for 20 min and washed twice with PBS (pH 7.2) for E. coli and S. choleraesuis and with an anaerobic dilution solution (Bryant and Burkey, 1953) for B. pseudolongum. Collected organisms were then suspended in PBS for E. coli and S. choleraesuis and in the anaerobic dilution solution for B. pseudolongum at a cell density of 10 10 organisms/mL.
Erythrocyte Preparation. Fresh blood was taken from a healthy young pig and rabbit into Alsever's solution (Tocuda and Warrington, 1970) . The cells were washed five times with PBS (pH 7.2) by centrifugation at 740 × g for 10 min at 4°C. The buffy coat was carefully removed. The washed erythrocytes were resuspended in PBS to a final concentration of 2% and stored at 4°C until use.
Hemagglutination Assay. The hemagglutination ( HA) assay was carried out at room temperature using PBS as a diluent as described by Mukai et al. (1992) . All assays were performed in triplicate. Bacterial preparation (25 mL ) was serially diluted twofold with PBS in a V-bottom style microtiter plate with 96 wells (Dynatech Laboratories, VA), followed by incubation with an equal volume of 2% suspension of erythrocytes in PBS at room temperature for 2 h.
Hemagglutination titers were taken as the maximum dilution at which erythrocytes were completely agglutinated.
Hemagglutination Inhibition Assay. Thirteen saccha-
N-acetyl-D-galactosamine, methyl-a-galactopyranoside, and methyl-b-galactopyranoside) and four glycoproteins (porcine stomach mucin, bovine submaxillary mucin, fetuin, and thyroglobulin) were used as potential inhibitors of agglutination of the three bacterial strains. All reagents were dissolved in PBS. Serially diluted inhibitors (25 mL ) in PBS were mixed with an equal volume of bacterial suspension (bacterial concentration was approximately four times higher than minimum agglutinating concentration) on the microtiter plates and incubated for 30 min at 37°C. Afterwards, 25 mL of 2% erythrocyte suspension was added to the mixture in each well. All plates were vortexed and left standing at room temperature for 2 h. The substances serially diluted in the well where agglutination was completely inhibited were determined as agglutination inhibitors.
Enzymatic and Chemical Treatment of Bacteria. Two milliliters of bacterial suspension (10 10 bacterial cells/ mL) was suspended in 2 mL of trypsin (2.5 mg/mL; Sigma Chemical Company, St. Louis, MO), protease (.4%; Sigma type XXIII, from Aspergillus oryzae) , lipase (.4%; Sigma), periodate (20 mM sodium metaperiodate), or Na 2 -EDTA (.04%) in PBS. The suspension was incubated in a 39°C water bath for 60 min. After incubation, the suspension was centrifuged at 20,000 × g for 20 min at 4°C and washed five times with PBS. The final bacterial suspension was adjusted with PBS for E. coli and S. choleraesuis and with the anaerobic dilution solution for B. pseudolongum to an equal volume as before treatment. The same amount of PBS or anaerobic diluted solution added to the bacterial suspension for substitution of the enzyme or chemical was prepared at the same time and used as an untreated control.
Modification of Erythrocytes.
Enzymatic modification of rabbit erythrocytes was carried out with trypsin, protease, or neuraminidase. One milliliter of 10% washed rabbit erythrocyte suspension was incubated with an equal volume of trypsin solution (2.5 mg/mL; Sigma), protease ( 2 mg/mL; Sigma), or neuraminidase (.2 unit/mL; Sigma type V, from Clostridium perfringens) for 60 min at 37°C. All erythrocytes were then washed five times in PBS by centrifugation at 740 × g for 10 min at 4°C and resuspended with PBS to a final 2% suspension.
Statistical Analyses. The experiment for agglutination of pig and rabbit erythrocytes by the bacterial strains was replicated three times. Treatment of bacteria and modification of erythrocytes for hemagglutination were carried out two times. Data from all 
Results
The results of agglutination of erythrocytes by E. coli, S. choleraesuis, and B. pseudolongum were summarized in Table 1 . Bacterial species, erythrocyte source, and their interaction significantly ( P < .001) influenced HA activity of the bacteria. Although all bacterial species agglutinated pig and rabbit erythrocytes, B. pseudolongum showed a stronger ( P < .021) agglutinating activity than E. coli K88 and S. choleraesuis. For both sources of erythrocytes examined, rabbit erythrocytes had higher HA titers ( P < .001) than pig erythrocytes. These results suggested that lectin-like activity exists on the surface of E. coli K88, S. choleraesuis, and B. pseudolongum.
Chemical and enzymatic treatment of bacterial cells significantly influenced HA titers of E. coli K88 ( P < .001), S. choleraesuis ( P < .001), and B. pseudolongum ( P < .02) ( Table 2 ). Decreased HA titers were found for the treatment of E. coli with protease ( P < .001) and trypsin ( P < .001), whereas no significant change in the titer occurred for the treatment with periodate ( P > .62) and lipase ( P > .33) compared with the untreated control. This result implied that certain proteinaceous components, rather than glycoproteins or glycolipids, are responsible for the HA of this bacterium. Reduced HA titers of B. pseudolongum were detected when the bacterium was treated with periodate ( P = .001) and protease ( P < .05), indicating that the lectin-like components that are present on the bacterial surfaces and responsible for the HA are chemically glycoproteins. However, when the bacterium was treated with lipase, no significant change in HA titers was found ( P > .55), suggesting that lipid-containing complexes on the bacterial cell wall may not be involved in the HA process of this bacterial strain. Remarkably enhanced HA titers ( P < .001) were obtained due to treatment of S. choleraesuis with periodate and lipase in comparison with the control. Although treatment of S. choleraesuis with trypsin and protease tended to increase the HA activity of bacteria, the increases were not statistically significant ( P > .19). Treatment of bacteria with EDTA resulted in a depressed HA titer for E. coli ( P < .01) but failed to change the titers significantly for B. pseudolongum ( P > .14) and S. choleraesuis ( P > .40).
Modification of rabbit erythrocytes with neuraminidase considerably enhanced agglutination of the erythrocytes by E. coli ( P < .002), B. pseudolongum ( P < .027), and S. choleraesuis ( P < .002) relative to the control (Table 3) . When the erythrocytes were modified with protease or trypsin, HA activity was completely destroyed for E. coli ( P < .001) and B. pseudolongum ( P < .001), but it did not significantly change for S. choleraesuis ( P > .15). These results indicated that galactosyl residue-containing glycoproteins on the surface of rabbit erythrocytes may serve as receptors for the bacterial lectin-like components.
Glycoproteins, including bovine submaxillary and porcine stomach mucin, thyroglobulin, and fetuin, effectively inhibited the HA of animal erythrocytes by the three bacterial species, although porcine stomach mucin at 1.33 mg protein/mL did not show an (Sharon and Lis, 1972; Goldstein et al., 1980; Mirelman and Ofek, 1986; Sharon, 1986) .
Although the exact function of bacterial lectins is not clear, it is thought that they play a key role in mediating attachment of bacteria to their host cells (Mirelman and Ofek, 1986) . The similarity between the hemagglutination and attachment of K88-positive E. coli to the mucosa of pig intestines has been reported (Jones and Rutter, 1974) . For the present study, a much higher (9-to 10-fold) HA titer was detected in B. pseudolongum than in E. coli K88 or S. choleraesuis, no matter what sources (pigs and rabbits) of erythrocytes were used, suggesting that B. pseudolongum may have a preference of attachment to the pig intestinal epithelium over E. coli K88 or S. choleraesuis. Such a preference would allow B. pseudolongum to firmly attach to the mucosa and thereby block colonization by pathogenic organisms.
Proteinaceous components located on the bacterial surface of E. coli K88 would be responsible for the lectin-like activity, because the HA titer was substantially reduced after treatment of the bacterium with protease and trypsin, but it did not change following the treatment with periodate or lipase. This result was consistent with that of some researchers (Stirm et al., 1967a,b; Anderson et al., 1980) , who showed that K88 antigen is a proteinaceous surface component of the bacterial cell with a monomeric molecular weight of 23,000. For B. pseudolongum, because the treatment with protease or periodate resulted in a decreased HA activity, the nature of this lectin-like substance was suggested to be glycoproteins. Trypsin treatment of this bacterium did not significantly influence the HA activity, indicating that the sequence of arginine and lysine, where trypsin acts, may not be important in this lectin-like glycoprotein structure. Binding of the lipoteichoic acid of B. bifidum to human colonic epithelial cells has been studied (Op den Camp et al., 1985) . For this experiment, however, lipids seemed to be uninvolved in the lectin-like components of B. pseudolongum, because removal of lipids by treatment of the bacterium with lipase failed to change its hemagglutination. The finding that EDTA treatment of E. coli K88 decreased HA titer implied that some divalent cation bridging is probably required for the HA reaction by this bacteria. Treatment of S. choleraesuis with periodate and lipase yielded greatly enhanced titers in comparison with the control. Other treatments with protease or trypsin also tended to increase the HA activity of this bacterium, although the increases were not significant. Based on these data, it is difficult to identify the nature of the lectinlike substances of S. choleraesuis. Probably these bacteria possess certain lipids or sugars or glycolipid complex that masked the bacterial lectins.
In an attempt to characterize hemagglutination by the three bacterial species, we subjected rabbit erythrocytes to enzymatic modification. Modification with neuraminidase, which would expose galactose residues on the erythrocyte surface, caused a remarkable increase in HA activity of E. coli K88, S. choleraesuis, and B. pseudolongum. Protease or trypsin modification of erythrocytes completely abolished the HA activity of E. coli K88 and B. pseudolongum but did not influence the HA of S. choleraesuis. This result suggested that galactosyl residue-containing glycoproteins or sugars are involved in the agglutination process and most probably served as a receptor for the bacterial lectin-like components.
Agglutination reactions were examined for inhibition by sugars or glycoproteins. Although mono-, di-, or oligosaccharides were used, the HA inhibition was not observed with E. coli K88 and S. choleraesuis. This observation suggested that the lectin-like components of these two strains may recognize other more complex galactosyl residue-containing structures. Several glycoproteins, including porcine stomach and bovine submaxillary mucin, thyroglobulin, and fetuin, effectively inhibited the HA of E. coli K88 and S. choleraesuis. Glycoproteins are a major component of mucin, fetuin, and thyroglobulin. This result, combined with our preceding observations that galactosyl residue-containing glycoproteins or sugars were involved in the HA process, indicated that the galactosyl residue-containing glycoproteins may serve as receptors for the lectin-like components of E. coli K88 and S. choleraesuis. Of the two sources of mucin, bovine submaxillary origin was found more strongly to inhibit the HA than that of porcine stomach origin, in particular in S. choleraesuis. It is possible that there is a difference in proportion of galactosyl residues or in protein steric structure between the two sources of mucin. Galactosyl residue-containing glycoproteins have been reported to be present in porcine small intestine mucus as a receptor for E. coli K88 fimbrial adhesin or lectin (Metcalf et al., 1991) . Additional study on the interaction of E. coli K88 antigen with porcine intestinal epithelial cell brush borders also showed that the galactosyl residue may be important in the binding of antigen to brush borders (Sellwood, 1980) . The present observations about the nature of receptors for E. coli K88 lectin-like components are consistent with those of above reports. Although attachment of S. typhimurium to intestinal enterocytes of rats (Linquist et al., 1987) and to M cells of murine ileal epithelia (Kohbata et al., 1986) has been observed, the information about attachment of S. choleraesuis to the host epithelial cells and existence of lectin activity on the bacterial surface is very scarce. Our data suggest that S. choleraesuis also potentially attach and colonize to the host epithelial mucus by its surface lectin-like substance. Such colonization may be a prerequisite for its proliferation and subsequent initiation of the infection.
Glycoproteins, including mucin, thyroglobulin, and fetuin, substantially inhibited hemagglutination of B. pseudolongum. A stronger inhibition of mucin of bovine submaxillary origin than of porcine stomach origin was similar to that observed in the other two bacterial lectins. For the sugars tested, lactose, galactose, xylose, and XOS at the concentration of 47 to 92 mg/mL showed an inhibitory activity for HA, whereas other sugars did not inhibit the HA. This result suggested that B. pseudolongum species may possess more than one type of lectin-like substance on the surface, for which at least galactosyl or xylosyl residues would serve as receptors. Such a multiple lectin-like receptor structure may enable this bacterial species to have more binding sites than pathogenic organisms on pigs intestinal epithelial cells.
An important role of the normal intestinal microflora is to exert a barrier against attachment and colonization of the gut epithelium by pathogenic bacteria (Chapman, 1988; Hentges, 1992) . Lactobacilli and bifidobacteria are two major species of the intestinal microflora (Savage, 1977; Simon and Gorbach, 1986) . Attachment of lactobacilli and competitive exclusion of pathogens from pig intestinal epithelial cells (Mayra-Makinen et al., 1983; Pederson and Tannock, 1989 ) has been well documented. Moreover, the bifidobacteria of human intestinal origin were shown to attach to cultured human intestinal epithelial cells and inhibit the attachment by enteropathogenic bacteria (Bernet, 1993) . One of the mechanisms for normal intestinal microorganisms to prevent attachment and colonization of the intestinal epithelium by enteropathogens has been proposed to be related to saturation of the adhesion receptors in the epithelium by normal microflora and thus prevent attachment by pathogenic organisms (Stavric and Kornegay, 1995) . The present experiment supported this suggested mechanism because B. pseudolongum was able to recognize and specifically bind to the same receptors, by its surface lectin-like substances, as E. coli K88 and S. choleraesuis (Table 4) , and it had a higher binding capacity than the pathogenic bacteria. Our research demonstrated that a beneficial intestinal microbe had greater affinity for mucosal attachment than two pathogenic bacterial species. Therefore, potential for prevention of pathogen-induced intestinal disease incidence may exist through maintenance of a predominant Bifidobacteria spp. community along the intestinal mucosa.
Implications
The lectin-like activity of Escherichia coli K88, Salmonella choleraesuis, and Bifidobacteria pseudolongum of porcine gastrointestinal origin were studied. Compared to E. coli and S. choleraesuis, B. pseudolongum not only had much higher lectin-like activity, but also more types of lectin-like substances on bacterial surfaces. Because bacterial lectins are mainly responsible for bacterial attachment to living cells, Bifidobacteria, present in the normal intestinal microflora of animals, may attach preferentially to intestinal epithelia and block the attachment by harmful microflora such as E. coli and S. choleraesuis. Based on the data from the present study, reduction or prevention of pathogen-induced intestinal diseases may be possible through maintenance of a predominant community of beneficial microflora along the intestinal mucosa.
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